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1.1 Introduction 

The activation of C-H bonds in orgamc compounds promoted by transition metal 

complexes has experienced a rapid growth in view of its diverse synthetic potential 

[ 1-7]. The central problem of C-H activation is to develop ways to replace target H 

substituents of organic molecules by any function groups, X (equation I). 

C-H----+ C-X (I) 

In spite of substantial work on the problem there is still no general method f(H the 

selective and efficient functionalization of inert C-H bonds. Apart from the academic 

interest, the field of C -H bond activation is of significant practical interest in relation 

to energy production. In this regard, the conversion of methane into methanol or 

conversion of n-alkanes to linear alcohols or carboxylic acids is worth mentioning. 

However, one of the principal challenges in the field of C -H bond activation that 

limits its synthetic relevance is rooted in selectivity. Transition metal complexes that 

cleave C -H bonds arc necessarily high in energy and thereh)re, controlling the 

chemo-, rcgio- and stereoselectivity of the C-H cleavage in a complex organic 

molecule, where C -H bonds are ubiquitous, is extremely difficult. 

Biulugical :-.ysll:ttls olkn Lackie these issues ol' C -H aclivalion in elegant ways. A 

numher of enzymes can oxidize unactivatcd C-H bonds, usually l'ia hydroxylation [X­

I 0 j. !\I kane activation is also reminiscent of dinitrogen fixation [Ill to give ammonia 

and water oxidation [ 12] to oxygen in a sense that all these three proct;sses involve 

inert substrates. In each case, a metalloenzyme carries out the key reaction. Theret(m .. :, 

significant cfttH·ts have been devoted to mimic the structural aspects of these enzymes 

to develop selective and efticient methods t()r C -H bond activation [ 13-15]. However, 

despite notable advances in this regard, the chemists arc still far from the goal. 

An alternative strategy to activate unreactive C-H bonds is based on cyclometallation 

reaction [ 16-27]. Despite being the mildest route, this particular route has received 

much less attention. In cyclometallation, the metal centers, precoordinated to a Lewis 

basic heteroatom group of the organic substrate, are brought in the vicinity of the C-H 

bond to be activated, which ultimately leads to the fonnation of a metal-carbon bond. 

This step is generally followed by functionalization at the metallated carbon resulting 

in the formation of functionalized hydrocarbons. 

This chapter will focus primarily on the activation of C-H bonds by transition metal 

complexes in general, and C(aryl)-H bond in particular. 



bond activation. wlth emphasiS t1t1 the work done on the tttled area and futurL' 

directions that the field can offer 

2 rransition metal mediated C -H bond acthation 

2.1. Early studies 

The Dimroth reaction. discovered as early as 1898 ts often regarded as the first 

example of C H hond activation. Howe\ cr. manv scientists argued that Dim roth 

,-c:JctJon ,·otdd nDT qualtfv ·1-, ( H bond act I\ atHlt1 rcdcti~.i11 <h 1t \\a:-- an ~.:ktrophlll~. 

mack •m ;w rr-an·n,· ,\-,ic~nl t\lil,lV\Cd h\ the deprotonatJun 11! lht: n:sultm!!. cat! .:::-:: 

H hond acttvatiun \\as rt:ported bv Fenton f.::llj 1 

I) 

dtS'>lll'l<ilHHll'!ll_'tl!\ (Bf)!·) dt liiJ kcalmul ~..:asth allo\\-, H(l to :~hstracl dl1 H :1tuJn 

1 l'Pl11 \11 -;p l. H hPnd I i\PlL:il HDI I:HH!C t.)(\ .. 1 ()'\ kutl mnl . l !'he IU )( l. 

;Jj 

1 n i l)()')_ thv tir-;t ,·xamplc nl ( · H hund ,tdl\ all on h\ .1 transttlilli metal , ''mpk\ 

resulting in the t(mnation of a ruthenium phosphinomethyl complex wtth oxtdattvc 

addition driven by chelate effect (II) and an intramolecular ruthentum phosphino 

naphthalene complex (Ill) was reported by Chatt [33J. This is regarded as the tirst 

~...·xample of cyclometalatton involving sp' C · H bond (Scheme I. 1). 
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Scheme I. I 

A new phase inC-H bond activation was given a thrust in 1972 by Shilov [34]. The 

Shilov chemistry invoves the addition of Pt(IV) to the aqueous reaction of PtCl/- with 

methane leading to the production of the selectively oxidized species methanol and 

methyl chloride. Despite the impractical use of platinum as a stoichiometric oxidant, 

this thirty year old ··shilov System" [35, 36 J remains to date one of relatively tew 

catalytic systems that actually accomplishes selective alkane functionalization under 

mild conditions (Scheme I.2). The system was revisited by Labingcr and Bercaw [37. 

JX I and they reaftirmed the mechanistic routes offered by Shilov. 

+ 
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Scheme I.2 
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At the end of 1980s, interest gradually shifted to the oxidation of hydrocarbons by 

high valent metal-oxo compounds and dioxygen (39,40]. Different chemically 

significant hydrocarbon oxidation systems based on metal complexes of porphyrins 

[ 41 ,42], sal ens [ 43,44], corroles[ 45,46] have been developed. The non-heme catalytic 

systems [47,48] have also provided an active area of interest in expanding the scope 

and potential use of catalysts in bringing about C-H bond activation. 



5-

2.2. Cyclometailation reactions: an alternath~: route for selective (-II bond 

activation 

( 'vdnrnetallate-; are the llrgannmctallic intramnlecular C(l(lnlinatinn compounds wtth 

a nng -.;ystem 111 whtch the metal has an mtramolecular ...:oordinate bund \\ ith d dunor 

atom as well as a em alent metal-carbon bond ( Schenll.:' 1.3) Cyclometallation 

reactions afford interesting intennediates ( 1). which are known as cvclometallates; the 

term being introduced by Trofimenko [ 49]. 
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Professor Omac [ 16] classified the cyclometallated complexes as per the type of 

metal-carbon bond formed. Cyclomctallates containing M-C a-bonds arc further 

classified on the basis of hetero donor atoms. On the other hand, cyclomctallates 

containing M-C rr-bonds has been classified on the basis of the nature of donating 

groups. A schematic representation of the classi tication has been provided in Table 

1.1. 

Table 1.1 Classification of cyclometallates (adapted from Ref 16 ) 

Furthermore, Professor van Koten developed a new group of cyclometallatcs based 

on the mode of coordination of ligands, termed as pincer complexes (6) [52-54]. 

X 

I 
M-

1 
X 

(II) 
X= -NR2, -PR2, -SR 

M=Metal ion 
There has been a considerable interest in the chemistry of cyclometallated compounds 

[ 16-27]. Besides providing unusual coordination environments [55], the 
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Ref 73 
-LiCI , -P'Pr1 

Ref 74 

Ref75 ~x ___ _ 

X Cl, Br 

~ Ph; Cl 

~p~ / ~ 
, I'd t ~ "co,Me ---

// '" ~~p Cl 
~ Ph .. 

Scheme 1.() Selected examples ofthc cyclomctallation ofsp1
- and sp2-C H bonds 

2.3. Role of additional or auxiliary donor in Cyclomctallation reactions for 

selective C(aryi)-H bond activation 

Selective activation of a particular C-H bond within a complex organic molecule is a 

challenging task. In such cases, the mctallation is usually directed to a particular C-H 

bond by introducing a coordinating group (usually termed as the primary donor) at a 

suitable position within the substrate, which ultimately leads to the formation of 

metal-carbon bond [77-79]. In general, the C(phenyl)-H bond adjacent to the primary 

donor is activated and the process is called orthometallation. For example, in 

azobenzene, the C(phenyl)-H bond adjacent to the primary diazene group is activated 

following cyclometallation route (Scheme I.5). 

On the other hand, several organic molecules having pnmary donor at a given 

position may possess more than one non-equivalent C-H bonds as potential 

metallation sites. For example, the cyclometallation of naphthyl group or fused ring 



H bond activation. due tll the presence uf mutT than \me non-equivalent C H 

1cti\ ation sites. Rys I'' (/I showed that that the metallatinn ot 1-naphthyla;oarenes 

\\ith palladium(!!) takes place at the orrho-posttton (( 2) ofthc naphthyl ring. whereas 

the rwri-palladation can only he achieved hv hlockmg all thL' ortho-positions of the 

naphthyl rings [?SO]. Later on, our research group showed that the mcorporatwn ut 

suitable auxiliary donor at a position away from the target ( · H bond can stgniticantly 

•ntluence the scledi\ltv 11t C H actt\ati(ln IX I x21 (Scheme [ i) 

clorm:tala!ion 

i: 1 · k'l.:tn tphtiJ,: hund act 1\ dll\ '~'~ 

'' i 1\'tLlll 1 c' !ddJ!Jt>l: 

, vciomctalatcd unnpicxes !ht Pltcn depend··, ''li llll' ll:llurc ,,r trw mdcJI under 

!n\ estigation and the variation of the donor s1tes. 

(i) Electrophilic hond activation 

(' H howl acti\ation by the clectrophiltc bond acti\ation process ts generalh 

nhsencd ti.n late transitiOn metals. :\n exemplan case h the t tar', l) H hond 

acti\ation bv Pd(ll) or Pt(ll). It has been <Jbserved that the acti\atlon ut' C(aryl) H 

bond gets tacdttated vvith the introduction ulan electron donating substituent in the 

:lf'(JJ11ittlL rJn~. \\h!ch c.·luscl\ resemble-., 1hc uencLil dromatlL L:kctruphtlll "uhstJ!Utl\llJ 
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reactions. The difference anses from the fact that the generation of a crucial rr­

complex prior to the fonnation of a <J-complex is not observed unlike clectrophilic 

aromatic substitution [X4], Reports of C-H bond activation in NCN pincer scaffolds 

give light to the above mentioned analogy [85]. The clectrophilic cyclomctalation 

pathway can be schematically represented as Figure 1.3. 

C
E 

"'MX11L 111.1 

(' 

\ 
H 

--- CE~MX,L,,, 
c 
\ 

H 

-HX c 
\ 

H 

Figure 1.3. 

(ii) Oxidative addition 

C-H or C-R bond activation requires electron rich metal centres. lr(l) and Rh(l) are 

extensively used as metal precursors [86-88] in this type of reactions. Oxidative 

addition can be primarily distinguished trom electrophilic cyclometalation on the 

basis of ditTcrent roles played by C-H bonds of the substrates. In the electrophilic 

process the clectron-donatmg Interactions of the substrate predominate, whereas the 

substrate in oxidative addition is primarily an acceptor. Conceptually, the process can 

be summarized as given in Figure I. 4. 

c 
\ 

H 

Figure 1.4 

(iii) 0'- Bond metathesis : 

When electron poor metal centers such as high valent early transition elements are 

involved in the cyclometalation process and perhaps also with carbonyl complexes, 

the <J-bond metathesis pathway is the plausible pathway. The general process has 

been depicted in Figure 1.5. 
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Such metathesis have heen repo11ed also for late transition metals. however they have 

been presented in a modified form [89-90]. 

1.5. Purposl' of thl' present ""ork 
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lilt\ II \i 
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urn tnggcr-., i :-,Uil~tbi \ •: lUll 

-..;elcctt\e c·ranll H hond acl!\al!on to!lu\\llH~ ,_., ... -l(\mctallatlon n•utt: '' .111 mpurtcH'il 

ticld of research which rcquin:s detailed 1nvestigatJon We \vish to address the 

t(JJiowing issues: 

(a) Selective activation ofC(aromatic) H honds v:here more than one possihlc site for 

( · H actt\'atton ts a,·,ulahlc. 

act!\ at ion 

tel The roles otditlcrent metal lolls 111 the sclcctin· C(anll II hnml adJ\atton. 
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In order to address the above mentioned issues, we wish to adopt the following 

strategy: 

I. Our aim is to study the comparative ease of activation for different types of 

C(aryl}-H bonds, where more than one C(aryl)-H bonds arc accessible by metal ions. 

Therefore, regiosclcctivi(v or regiospcc!fici(v of the processes is a core issue. Here, 

non-equivalent C -H bonds of naphthyl group have been chosen as target fragment. 

2. The diazene group is well known to bind different metal ions in their different 

oxidation states. For this reason the diazene group has been chosen as primary donor, 

which is to be attached with the target naphthyl group to promote the site-selective 

activation of C(naphthyl)-H bonds. 

3. Furthcnnorc, a strategy has been drawn to incorporate an additional or auxiliary 

donor group in the organic substrates in such a manner that auxiliary donor group, 

capable of binding the metal ion, would remain away from the target naphthyl group. 

The influence of the auxiliary donor on the selection of metallation site would he 

investigated. Here, sultinyl group is to he used as auxiliary donor, which offers either 

0 or S donor towards mctal ions. 

4. The choice of metal ions is to he restricted to 'sofi ·metal ions like palladium (II), 

platinum(ll), ruthenium(ll), rhodium(!) and iridium(!) ions for the activation of 

C(naphthyl)-H bond. The reactivity with 'less soli· metal ions like ruthenium(lll), 

rhodium(lll) and iridium( III) would also he examined. 

5. To explore the scope of C--S bond cleavage (desulfurization), the role of valence 

state, stereochemistry and donor environment around the metal precursors would be 

investigated. 

6. Attempts would be made to isolate the end products containing M-C(naphthyl) 

bond, formed in the process of C(naphthyl)-H bond activation by different metal 

ions. The characterization of new cylometallates would be done using different 

spectroscopic techniques and X-ray diffraction method. 
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